Physical optimization of hydraulic fracturing Economic optimization of hydraulic fracturing NPV Natural gas reservoir a b s t r a c t Optimization has taken several different hues in all areas of engineering. Hydraulic fracturing, as applied to oil and gas wells, has had its share. In the past, and before the maturing of highpermeability fracturing and the tip screen out techniques, this well stimulation procedure was limited to low-permeability reservoirs and unrestricted fracturing. In such cases, the fracture length would be an appropriate design optimization variable against an economic criterion, e.g., the Net Present Value (NPV). This involved the balancing of incremental future revenue against the cost of execution. Also interesting would be parametric studies, allowing the variation of execution variables and the detection of differences in their respective design NPV. Such differences would be useful in decisions to measure a variable or stay within reasonable assumptions. The emergence of higherpermeability fracturing and the Unified Fracture Design (UFD) concept allowed two important notions. First, there is no difference between low and high-permeability reservoirs in terms of benefiting from fracturing. Just execution issues need to be resolved. Second, and more important, for any mass of proppant to be injected in any well, there exists only one fracture geometry that would maximize production. This geometry, consisting of length and propped width (with height as a parasitic variable) can be readily determined and, if placed, it will provide the maximum productivity index. All other combinations of length and width would result in lower productivity values. This is physical optimization.
Introduction
Arguably, with the exception of some rare locations or companies, the petroleum industry has finally reached the stage where hydraulic fracturing is no longer considered as a stimulation technique exclusively suitable for low-permeability formations. This took a couple of decades, at least, following the development of the tip screen out (TSO) and the voluminous body of work in places such as the Gulf of Mexico and Russia.
Better yet, fracturing is now viewed as an integral part of well and reservoir management and a mainstay of production engineering rather than a choice of last resort for depleted or inexplicably underperforming wells. Fracturing has continuously expanded until it has become the completion of choice for all types of wells but, particularly, for gas wells. Shale formations, perhaps the most important new type of petroleum applications in decades can be made commercial only through the massive application of multiple hydraulic fracturing in horizontal wells.
The choice to develop a field either with conventional completions or through the application of hydraulic fracturing has a big impact on the number of wells to be drilled and on the in-fill plan of a field. The tremendous advantage in fracturing most wells is now largely accepted, even near water contacts, considered the bane of fracturing. High-permeability fracturing is finding application because it offers controlled fracture extent and limits drawdown.
A proper design and execution of a fracturing treatment involves several disciplines such as reservoir, production and completion engineering, requires a background in rock mechanics and fluid dynamics, is constrained by the physical limits of the materials and equipment used as well as by the operational issues, and last but not least must satisfy certain economic criteria.
In such a complex multi-subject environment, it is not a trivial exercise to determine "optimum" conditions for the design, the execution and the post-treatment behavior of the well. Clearly, what represents an optimum condition from a certain standpoint may not be as favorable from other aspects.
Since the introduction of the Unified Fracturing Design (UFD) approach (Economides et al., 2002a) , the design of fracturing treatments heads toward the maximization of the well productivity (quantified by the Dimensionless Productivity Index, J D ). Another clearly important approach is the maximization of the revenues according to certain economic criteria (for instance, the Net Present Value).
The goal of this work is to show how the UFD approach can be used to achieve a dual physical and economic optimization, in virtually any reservoir type and under most realistic constrains that arise from execution issues. We will see later on that the optimization procedure presented is consistent and systematic, and makes use of the output parameters coming from the physical optimization as input for the selected economic criterion.
The central idea of the UFD technique is to select the appropriate optimum compromise between propped fracture length and width, for a given proppant volume and depending on the properties of the reservoir and the selected proppant. A dimensionless parameter, the Proppant Number (N p ) was introduced first. The Proppant Number is the ratio of fracture and reservoir drainage volumes adjusted by the reservoir permeability and the proppant-pack permeability, and it is completely independent from fracture geometry. It was found that for a given value of N p there is an optimal Dimensionless Fracture Conductivity (C fD ), at which the dimensionless productivity index J D is maximized. The optimized and specific dimensionless fracture conductivity leads also to the unique optimal fracture geometry (width and length). Wide and short fractures are clearly appropriate for high-permeability reservoirs while narrow and long fractures are for low-permeability reservoirs. An essential element of field execution to obtain the indicated geometries is the tip screen out (TSO) technique, which allows the arrest of the lateral growth in order to increase the width of the fracture.
The UFD method has already been used in a wide range of real field applications with excellent results. Even more, in some very progressive areas this design approach has been used to "push the limits" of today's practices in hydraulic fracturing. Demarchos et al. (2004) showed, for example, how relevant the mass of proppant is for the maximization of the productivity index. Diyashev and Economides (2005) presented field case studies of almost a thousand hydraulic fracture treatments in Western Siberia, providing a very valuable experimental support for the UFD approach. Romero et al. (2002) accounted for two types of flow impediments, fracture face damage and damage at the fractureewellbore interface ("Choke Skin", firstly introduced by Mukherjee and Economides, 1991) . Economides et al. (2002b) showed how the UFD approach can be applied to gas wells, especially in highpermeability reservoirs, where fracturing is the most appropriate way to slash non-Darcy effects. Lopez-Hernandez et al. (2004) applied the methodology to compensate for non-Darcy effects in the fracture. Wei and Economides (2005) presented the applications of the UFD technique to horizontal wells with multiple fractures for both oil and gas reservoirs, while Daal and Economides (2006) further adapted the UFD technique to in-fill drilling and to transversally multi-fractured horizontal wells by considering non-square drainage areas and the sliced-partition of the drainage area along the horizontal drain. Demarchos et al. (2006) presented a set of field-proven procedures to optimally implement the UFD technique during the sequence of operations required for a multi-fracturing treatment on a horizontal well. Economides et al. (2010) presented a compelling set of selection criteria for horizontal transverse, horizontal longitudinal and vertical Wells, while Marongiu-Porcu et al. (2010) studied in detail the most common flaws in hydraulic fracture designs revealed by the UFD approach.
Economic optimization
The crux of hydraulic fracturing is production enhancement, meaning accelerating production in a depleting drainage. The question of course is whether this acceleration of the production, compared to an unfractured well and assessed through their respective present values of the revenue streams (one for a fractured well and another for an unfractured well), can be balanced against the costs of the treatment.
In addition to the increase in production, an evaluation of the economics of a hydraulic fracturing treatment must consider many factors, including treatment costs, additional reserves that may be produced before the well reaches its economic limit and reservoir risks associated to mechanical problems that could cause the treatment to be unsuccessful.
While there are other criteria for assessing economic attractiveness or lack thereof, for the purposes of this work, we will use the Net Present Value as the criterion for the optimization and the evaluation of the desirability of the specific hydraulic fracture treatment.
The NPV criterion has been already selected by several researchers to monetize the incremental production obtained after a fracturing treatment, but it has never been associated to a rigorous physical optimization such as the UFD approach. No matter how sophisticated the model used to predict fracture propagation and performance the economic optimization requires a trial and error process to determine the optimum treatment design from a set of the calculated physical designs.
For instance, Britt (1985) used the NPV to "show a process by which the optimum fracture length and fracture conductivity can be determined for wells in moderate-permeability oil reservoirs under primary depletion and secondary recovery processes". Veatch (1986) presented a comprehensive overview of the economics of fracturing and critiqued the methods of design optimization. Warembourg et al. (1985) presented an outline of a design optimization process with the proper identification of critical treatment variables. Andersons and Phillips (1988) used the concept of the NPV to calculate the appropriate amount of proppant.
A particularly relevant work in this study was presented by Balen et al. (1988) , who developed a comprehensive engineering methodology. Their procedure involved:
-the determination of optimal pumping parameters and maximum proppant coverage for a given hydraulic penetration; -linking the reservoir deliverability, well producing systems and the optimized fracture geometry; -economic analysis performed to calculate the NPV for various design options.
We will see later in this paper how the uniqueness of the solutions to the optimization problem provided by the UFD approach greatly simplifies and makes straightforward the execution of NPV calculations for fracturing treatments.
The physical optimization of the fracture, for a given proppant mass and satisfying the imposed physical constraints, provides a blue-print to follow in the field during the treatment in order to maximize the J D . Using the NPV criterion, the optimal amount of proppant at which the revenues coming from the enhanced production minus the investment necessary to perform the fracturing treatment are maximized, is determined 3. Turbulence in natural gas wells and Unified Fracture Design applications This section explains how the UFD approach can be applied to a natural gas well. In this case, the effective proppant-pack permeability that is a very important quantity in fracture design will have to be adjusted downwards because of turbulence effects. The trouble is that the adjustment depends on the expected rate itself. Economides et al. (2002b) presented a trial and error procedure combining the UFD method with the Gidley (1990) adjustment to the proppant-pack permeability and the Cooke (1993) correlations for flow in fractures.
Although there is turbulence in the fracture and the design will compensate for it, primarily by widening the fracture, the presence of the fracture itself has a profound impact on the reduction of reservoir turbulence, perhaps the most important variable affecting the performance of medium to high-permeability gas wells.
A calculation was performed to illustrate the iterative approach to fracture design for gas wells and, at the same time, to show the effects that fracturing has on the reduction of reservoir turbulence, perhaps as important a role as stimulation itself. Table 1 summarizes the important variables for this exercise. A range of permeability from 0.05 to 100 md is used.
To present the results in a convenient way, the folds of increase (FOI) between fractured and unfractured case are used. The first results are shown in Fig. 1 , and in addition to the gas well, also the folds of increase for an oil well are presented. As the reservoir permeability increases, for the oil well the folds of production increase over a non-fractured well will decline. In the example shown in Fig. 1 , for 0.1 md the folds of increase are over 10, whereas at 100 md the folds of increase approach 2.
For natural gas wells the behavior of the FOI trends at low reservoir permeability mimics that of oil wells but as the permeability increases, the trend diverges: a fractured gas well starts to perform far better than a non-fractured high-permeability well because of the considerable reduction in turbulence effects that adversely affect well performance and dominate radial flow.
The difference between the solid and dashed blue curves in Fig. 1 is due to the introduction of physical constraints in the calculations. For the dashed curve, as the reservoir permeability increases and flow into the fracture increases, the turbulence in the fracture would reduce the effective permeability of the proppant pack. This, in turn would require a fracture width that would be highly unrealistic in practice, especially as it manifests itself as hydraulic width during execution.
Since the hydraulic width and the net pressure are directly related, if during execution a net pressure constraint of for example, 1000 psi is imposed, then the solid curve is obtained, (i.e., for the same proppant number, the resulting width of the actual fracture is reduced and the mass of proppant is redistributed on a longer fracture length). This design adjustment results in a sub-optimal maximized J D , but one as close to the theoretical maximum as possible, and thus, in a set of smaller values of FOI. Selecting a higher-quality (high-permeability) proppant, a lower fracture width is indicated and can be executed without violating the net pressure constraint. In fact, a superficial paradox resulting from this work is that, contrary to conventional industry practices, using higherpermeability proppants the indicated sizes of hydraulic fractures should increase rather than decrease (subject to economic considerations).
In conclusion, from Fig. 1 it is clear that any gas well above 5 md will be greatly handicapped if not hydraulically fractured.
Physical optimization procedure
The key concept here is to use UFD for fracture design to "push the limits" (Demarchos et al., 2004) and, further, to achieve physical optimization by maximizing the productivity index, J D . This happens at a unique value of the fracture conductivity. The background and the basic concept of the UFD technique are summarized in Appendix A. In this work, several recent advances that extended the UFD approach have been taken into account. They are: -adjustments to the solutions for fractured well performance that allow for irregular shape of the drainage area (Daal and Economides, 2006) ; -trial and error procedures that account for the physical constraints during execution (Demarchos et al., 2004) ; -trial and error loop that accounts for turbulence in the fracture and the subsequent apparent proppant-pack permeability reduction (Economides et al., 2002a,b) ; -accounting for early transient time production rather than only pseudo-steady behavior. This is particularly suited to this work.
Fig. A-1 in Appendix
A shows the detailed flow chart describing our UFD-based optimization scheme for vertical gas wells. Appendix A contains all relevant and important equations used in this procedure, including the iterative process to account for both transient time and the adjustment of the apparent proppant-pack permeability because of expected turbulence effects in the fracture. This procedure, based on the Cinco- Ley et al. (1978) and Cinco-Ley and Samaniego (1978) pseudo-skin function and its relationship with the C fD and the fracture length x f , is suitable for any Proppant Number and any drainage area geometry. The reason is that during the transient flow regime, by definition, the boundaries are not felt, and the system can be approximated by pseudo-radial infinite acting behavior, and thus the use of the Cinco- Ley et al. (1978) and Cinco-Ley and Samaniego (1978) pseudo-skin function, valid only in radial flow, is acceptable.
Economic optimization of hydraulic fracturing
For a given investment I, made to generate the expected revenue stream, if a discount rate i is selected and a decision is made for the time span N years upon which a project is to be assessed, then the NPV is given by the following equation:
where R n is the annual revenue stream (after payment of royalties, operative expenditures and taxes) for each year of the N years for which the project is assessed. The annual revenue stream R n is given by
where G p_n is the cumulative volume of natural gas produced in the reference year n in MSCF, $ g_n is the unitary revenue for the produced volumes of natural gas in US$/MSCF, f r is the fraction of gross cash flow due to the lease owners and/or to the foreign nation governments as royalties, f o is the fraction of gross cash flow to be allocated as operative expenditures and f t is the fraction of gross cash flow due as taxes in the relative fiscal regime. The first step for any NPV calculation is to select reasonable economic and logistical variables that reflect realistic scenarios (based on experience and/or observed behavior in similar situations). In the calculations shown in this article two different geographic scenarios are considered: first, a mature and well developed petroleum producing province such as the United States, and second, a far less mature region with considerable logistical difficulties that can be found in a number of places in the world (from now on, it will be referred to simply as "Overseas"). Table 2 presents all the economic parameters and their selected values in the USA and Overseas scenarios; the working interest and net revenue interest are reported additionally (both of them selected as 100% in both scenarios). This geographic differentiation is required in order to properly account for the effects of the three most important variables that affect any economic assessment of not only hydraulic fracturing treatments, but more in general any oil and gas project: -natural gas selling price; -discount rate; -capital expenditures. The selling price for the extracted natural gas is often subject of negotiation between the selling and the buying party and it is generally bounded by specific contractual agreements. Nonetheless, as for most of other commodity prices, it is actually driven by supply and demand fundamentals, and can be exposed to fluctuations of mild to severe amplitude. Natural gas prices may also be linked to the price of crude oil and/or petroleum products; in fact natural gas prices in the US had historically followed oil prices trends, but in recent years have decoupled from oil. This is most likely due to the current surge in unconventional oil and gas, which has resulted in lower gas prices in the U.S. Fig. 2 shows the evolution of three major natural gas spot prices (USA "Henry Hub", United Kingdom "NBP" and average LNG import price in Japan) in the period 2007e2011 (EIA), and provides a very clear reason for which any NPV assessment for natural gas extraction projects should take into account the specific geographic area of interest.
The discount rate expresses the economic value of time. The discount rate reflects a number of considerations, such as, for instance, inflation and escalation in the value of competing investments (the least of which is the interest rate paid by banking institutions). An additional major consideration is risk, which can take many manifestations, from the elements, to geopolitics and the infrastructure of a location. In general, Overseas' investments involve use of high "risk factor", as a result of possible combinations of complex logistics, geopolitical uncertainties, delicate international contracts, etc. and this, in turn, would suggest a substantially higher discount rate. These aspects are taken into account in our calculations by using a very conservative value for Overseas' discount rate of 25%, against the very low 10% that reveals the very low risk factor of upstream investments in North America.
Another typical characteristic of many Overseas' regions is the considerably higher capital expenditures required for the construction of wells, facilities, pipelines and so on. In such expensive environment, fracturing execution costs are much larger without the benefit of "massification", a key feature of the fracturing industry in North America. Table 3 shows in detail the capital investment for hydraulically fractured wells. Assuming hydraulic fracturing as the standard completion method for any new well, construction costs (drilling and completion) and stimulation costs will be considered as capital expenditures for the two scenarios USA and Overseas.
Two examples of NPV calculations are presented in the following sections. The first considers a set of four different well pattern configurations that exploit a reservoir with a given Fig. 2 . Trends in natural gas spot prices at major global markets (EIA). Fig. 3 . Four different drainage configurations for the case study. drainage area, and aims to find the optimal configuration for which the NPV would be maximized. The second example considers a vertical hydraulically fractured gas well centered in a given square drainage area, and the purpose is to select the proppant mass to be injected during the fracturing treatment for which the NPV is maximized. It is worth to emphasize that the performance of each well configuration considered will be already at the physical optimum, as determined via the UFD methodology.
6. NPV of different drainage configurations using fractured and unfractured wells For this exercise the four different configurations presented in Fig. 3 (one and four unfractured wells and one and four-fractured wells, partitioning the drainage accordingly) are considered. A 1-md gas reservoir (with Young's modulus of 1,750,000 psi and whose other variables are the same as in Table 1 ) is used for the calculations. An abandonment pressure of 1700 psi is assumed.
It must be re-emphasized that the comparisons presented in this and subsequent calculations in this work are for aggressive and optimized production engineering decisions and, especially, for hydraulic fracturing, the presumption is that the execution follows the physical optimization as described by the UFD methodology. Badly or ad-hoc designed fracturing treatments may lead to different conclusions.
Coupling the dry-gas material balance scheme (i.e., Eqs. (A-3) and (A-4) in Appendix A) with a suitable gas well IPR expression, a forecast of well performance vs time can then be developed readily, by discretizing the depletion in a number of pressure intervals (acceptable precision is obtained for 100 psi steps), determining the corresponding cumulative recovery of gas produced for the Dp considered and, after determining the expected gas flow rate from the IPR, obtaining the time duration of the considered Dp.
For the non-fractured well configurations, the Swift and Kiel (1962) IPR model, is used:
For the fractured well configurations, we use the pseudo-steady state IPR model as per Eq. (A-17) in Appendix A, in which the J D comes from the UFD-based optimization scheme.
The calculated transient times would be circa 230 days for the single well, 320 acres, and circa 60 days for the quarter slices (i.e., 80 acres). Figs. 4 and 5 show the resulting forecasts of total production rates and cumulative recovery for the four configurations considered in this case study. Note the thick dots shown in each curve in Figs. 4 and 5, indicating respectively the gas flow rate and the cumulative volume at the beginning of the pseudo-steady state flow regime. The enhancement of production obtained combining infield drilling and hydraulic fracturing is impressive; as will be seen from the NPV calculations, this provides a huge boost to project economics and its Net Present Value.
From Fig. 5 we can infer that the time to ultimate recovery from the four-fractured wells configuration would be about 2.4 years (886 days), while the same recovery would take more than 30 years from a single unfractured well. The four unfractured wells case would reach the abandonment pressure in about 7 years and the single fractured well case would do it in about 9.9 years.
Starting from these production forecasts, the annual revenue stream R n has been determined (Eq. (2)) for each year and making use of the parameters presented in Table 2 . Then, the NPV's are calculated. The capital expenditures have been calculated with the values in Table 3 . In particular, the fracturing x-linked gel required to perform the treatment (200,000 lbm proppant mass) has been assumed to be 35,000 gal.
Two values of NPV have been determined: one in which the project lifetime N is the one at which the abandonment pressure is reached in each of the four drainage configurations, and one in which the project lifetime N is the one equal the one corresponding to the abandonment time of the four-fractured wells case (866 days).
Figs. 6 and 7 show the results of the NPV calculations for the USA scenario for gas prices of 3.5 US$/MSCF and 7 US$/MSCF, respectively, in order to provide a realistic range of prices including recent past years and near future prices evolution. For the NPV's evaluated at N ¼ 886 days (the green columns, in the web version), it is clear that the infield drilling þ fracturing configuration appears to be the best choice, thanks to the cumulative amount of gas produced in less than three years, vs all the other "sluggish" configurations that still have significant amount of gas to be produced at the end of their respective lifetimes. This is a very important finding, supporting the need for accelerated production via hydraulic fracturing.
When all the configurations are produced till the respective abandonment (the red columns, in the web version), the only 18 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000 11,000 time, d
Gp, Bscf configuration that is considerably underperforming is the single unfractured well, while the other three configurations offer similar values of NPV, around $12 and $27 million, respectively for the case with gas price of 3.5 US$/MSCF and 7 US$/MSCF. This is explainable by observing that the different times to ultimate recovery (shown in Fig. 5 ) impact the NPV value in such a way that it is widely compensated by the different values of capital investment. In simple words, the "revenue performances" of the four-fractured wells, the four unfractured wells and the single fractured well are quite equivalent if compared to the investment needed to implement them.
Figs. 8 and 9 show the results of the NPV calculations for the Overseas scenario for gas prices of 10 US$/MSCF and 15 US$/MSCF, respectively. The Overseas scenario reveals the severity of its economic parameters in both set of green and red columns (in the web version). In fact, for the NPV's evaluated at N ¼ 886 days (the green columns, in the web version) as well as for the ones evaluated when all the configurations are produced till abandonment (the red columns, in the web version) we can notice a considerable systematic reduction in value, respect to the cases illustrated in Figs. 6 and 7 for the USA scenario, even with their remarkably higher gas selling price. These results reflect the detrimental effect of high values of discount rate (i.e., 25% for the Overseas scenario vs 10% for the USA) and capital expenditure on the NPV model.
The next set of calculations refer to the same gas reservoir characterized in Table 1 , with the only difference that this time a reservoir permeability of 0.1 md (with a Young's modulus of 2,000,000 psi) is used. Again, the same abandonment pressure of 1700 psi is assumed, and the fracture optimization with the UFD method has been performed for a proppant mass of 200,000 lbm of 20/40 proppant, obtaining the production forecasts for the four configurations presented in Fig. 10 . The effect of the low permeability on the productivity, and then on the time to achieve the abandonment pressure, is dramatic: the single unfractured well would take 304 years, and the single fractured well would take 52 years.
The procedure already described for the 1 md reservoir case has been repeated. The annual revenue stream R n and then the relative NPV's have been determined, again for the two scenarios USA and Overseas. The two project lifetime N alternatives are, first, N ¼ time at which the abandonment pressure is reached in each of the four drainage configurations, and, second, N is equal for the four configurations and is the one that corresponds to the abandonment time of the four-fractured wells case (for this example it is 12.5 years).
Figs. 11 and 12 show the results of the NPV calculations for the USA scenario for gas prices of 3.5 US$/MSCF and 7 US$/MSCF, respectively, while Figs. 13 and 14 refer to the Overseas scenario for gas prices of 10 US$/MSCF and 15 US$/MSCF, respectively. The capital expenditures considered for all these cases are still the ones from Table 3 , and again, the fracturing x-linked gel required to perform the treatment has been assumed to be 35,000 gal.
Several important conclusions can be inferred from this new set of NPV's, as a consequence of the lower reservoir permeability. First, now the difference in NPV values between the fully depleted cases (red columns, in the web version) and the ones for N ¼ 12.52 years (green columns, in the web version) is quite small in all Figs. 11e14. This shows that extended periods of evaluation (i.e., high value of N) are virtually meaningless in the contribution to the NPV. For instance, the single fractured well for the USA scenario and gas price of 7 US$/MSCF (Fig. 12) would be abandoned after 52 years of production, with an associated NPV of $13.7 million, while the NPV evaluated for 12.52 years would be around $12 million.
The second meaningful observation is that in a tight reservoir environment, with low productivity and very long depletion time, the two fractured configurations show their economic benefits in an even more noticeable way. For the USA scenario and gas price of 7 US$/MSCF (Fig. 12) , the four-fractured wells configuration is clearly dominating the economic performances, with an NPV of $21.5 million: the combination of low capital expenditures and low discount rate i in a tight reservoir emphasizes the potential of infield drilling and the hydraulic fracturing of those wells. On the other hand, the penalizing capital expenditures and high discount rates considered for the Overseas scenarios (Figs. 13 and 14) doom almost all of the development schemes in tight reservoirs, leaving some potential profit only to the configurations that use hydraulic fracturing for production enhancement.
These findings explain the general problem associated with production from tight gas and stranded gas reservoirs in those Overseas regions with extended resources but with underdeveloped upstream business. A wide set of currently unprofitable projects, could become more attractive if "massification" of drilling and fracturing were implemented, reducing their capital Fig. 19 . NPV vs proppant mass in the USA scenario (3.5, 7, 10 and 15 $/MSCF), 10 md. expenditures. This concept is illustrated in Figs. 15e17. These NPV calculations spin off from the case shown in Fig. 13 (the usual four configurations draining the 0.1 md gas reservoir and gas price of 10 US$/MSCF), but all costs are now considered "controlled" and kept as the ones assumed for the USA scenario. In this way the appealing and profitability of the configurations considered is only weighted against the discount rate (25%, 20% and 15% respectively in Figs. 15e17) . This set of results is self-explanatory, especially when compared to the ones in Fig. 13 : massifying the drilling and fracturing operations can lead to sufficiently low capital expenditures such that the fractured wells configurations can lead to profitable resources currently labeled as stranded or unprofitable. In parallel a lower and lower discount rate, symptom of an increasing geopolitical stability and/or logistical accessibility, would furthermore boost the economic performances and the calculated NPV's for all configurations, and in particular for the fractured ones.
NPV as function of the proppant mass
This exercise aims to provide a rationale for using the UFD approach to design a fracturing treatment and to estimate future well performances. It should be clear by now that the solution for J D,max and the resulting optimum fracture conductivity indicates that there is only one pair of fracture length x f and width w to provide the optimum productivity.
It has also been shown that, virtually, there are no limits to the advantages achievable by injecting larger and larger amounts of proppant and the model would provide an ever-increasing value of J D,max . The UFD model can be "bounded" with physical constraints (such as a maximum allowable net pressure), which may preclude the injection of a larger treatment. Production economics provide an additional level of constraints, so the question arises. Within the range of proppant mass that can be physically injected and used by the UFD model, is there any specific value at which the NPV of the fractured well is maximized? To illustrate the concept, an application is presented below.
A set of production forecasts for a wide range of proppant mass has been obtained for a vertical fractured gas well centered in a square drainage area, for the values of 0.1 and 10 md of reservoir permeability (with Young's modulus values of 2,000,000 psi and 500,000 psi, respectively) and whose other variables are shown in Table 1. A set of four different natural gas selling prices (3.5, 7, 10 and 15 US$/MSCF) has been assumed for this analysis, while all other financial parameters refer to the USA scenario in Tables 2 and 3. Figs. 18 and 19 show the results of the NPV calculations. These results confirm the suitability of the procedure presented for the identification of the most profitable proppant mass; for the 0.1 md reservoir in Fig. 18 the NPV curves peak in the region between 1 and 2 million pounds of proppant, while for the 10 md reservoir in Fig. 19 the NPV curves peak in the region between 75,000 and 300,000 lbm of proppant.
Furthermore, these results provide evidence that economics corroborate one of the well known tenets of hydraulic fracturing: larger fractures with much larger proppant mass (and consequently length) are indicated for low-permeability reservoirs and relatively smaller fractures (but with much larger widths) are indicated for higher-permeability reservoirs.
Finally, another interesting observation can be made by comparing the curve in Fig. 18 (0.1 md) for the case at 7 US$/ MSCF and the curve in Fig. 19 (10 md) for the case at 3.5 US$/ MSCF. This combination of parameters is such that the optimized design provides essentially the same value of NPV, i.e., doubling the gas selling price impacts the optimum value of NPV in a similar manner than an increase of two orders of magnitude of reservoir permeability The same trend is also (approximately) noticeable by comparing the curve in Fig. 18 (0.1 md) for the case at 15 US$/MSCF and the curve in Fig. 19 (10 md) for the case at 7 US$/MSCF.
Conclusions
In this work the physical optimization that comes from the UFD approach has been coupled to an economic optimization, by balancing of incremental future revenue against the cost of execution. It has been shown how the combination of the UFD approach with the NPV economic criterion can be standardized in a routine procedure and can be used as an effective quick-look tool for screening oil and gas investments in a modern global portfolio.
The UFD-derived dimensionless productivity index has been used in proper IPR relationships coupled with material balance schemes to produce production forecasts. A new calculation scheme has been introduced for the generation of UFD-based production forecasts for reservoirs in which the initial transient flow regime is not negligible.
Parametric studies for a range of reservoirs (in terms of reservoir permeability, drainage area and drainage configuration) have been performed, and economic variables that differ in various parts of the world have been utilized. Aggressive and optimized production schemes have been systematically considered, with the presumption that the execution of the hydraulic fracturing treatments follows the physical optimization as described by the UFD methodology. In fact, badly or ad-hoc designed fracturing treatments may lead to different conclusions.
It has been illustrated how "massification" of drilling and fracturing operations in tight gas reservoirs can lead to sufficiently low capital expenditures such that the systematic application of hydraulic fracturing can lead to profitable resources currently labeled as stranded or unprofitable.
Finally, it has been shown how the mass of proppant injected can be effectively used as main design optimization variable for hydraulic fracturing treatments. The Unified Fracture Design (UFD) approach (Economides et al., 2002a) suggests that hydraulic fracturing treatments, if properly placed, i.e., the correct geometry between length and width, will result in the maximum achievable well productivity or injectivity index. The basic concept behind the UFD technique is that there is only one optimum compromise between propped fracture length and width, for a given proppant volume and depending on the properties of the reservoir and the selected proppant. The dimensionless Proppant Number (N p ) is a central theme to the design approach and it is the ratio of the fracture volume divided by the reservoir drainage volume, adjusted by the reservoir and the proppant-pack permeabilities. UFD claims that for a given value of N p there is an optimal Dimensionless Fracture Conductivity (C fD ), at which the Dimensionless Productivity Index (J D ) is maximized. Smaller or larger values of C fD would lead to smaller J D . The optimal C fD leads also to the unique optimal fracture geometry (width and length). Wide and short fractures are indicated for highpermeability reservoirs while narrow and long fractures are for low-permeability reservoirs.
The original formulation of the UFD approach was derived for oil wells draining from square drainage areas under pseudo-steady state flow regime. Subsequent works have then expanded the ranges of applicability of the UFD method to gas wells (Economides et al., 2002b) , transversally multi-fractured horizontal wells (Wei and Economides, 2005) and non-square drainage areas (Daal and Economides, 2006) . Fig. A-1 shows the detailed flow chart describing our UFD-based optimization scheme for vertical gas wells.
For the transient flow regime a value of the fracture equivalent skin factor s f needs to be firstly assumed. Then the duration of the transient flow regime period t pss in hours is calculated by means of the following analytical approximation:
where f is the reservoir porosity, m is the viscosity of the fluid, c t is the total compressibility of the system, k is the reservoir permeability, and r e is the reservoir's equivalent drainage radius, all in oilfields units. Once the t pss is determined, the calculation of the cumulative gas production G p during the transient flow period is possible, by properly discretizing such time interval and by calculating average transient production flow rates for any interval by means of the following transient flow regime equation:
where q g is the gas flow rate in Mscf/d, h is the net pay, T is the reservoir temperature, m(p i ) and m(p wf ) are the pseudo-pressures functions calculated respectively at reservoir pressure and flowing bottom-hole pressure, t is the considered flow period in hours, r w is the wellbore radius, and s f is the fracture equivalent skin factor. Using the resulting cumulative gas production G p , the corresponding value of the group p=Z (average pseudo-steady state reservoir pressure over the gas deviation factor, Z) is then obtained from the classic dry-gas material balance equation:
where p i and Z i refers to the initial reservoir conditions, and G i is the total original gas-in-place calculated by:
where B gi is the initial formation volume factors in resft 3 /scf and S g is the gas saturation. The average pseudo-steady state reservoir pressure p is then determined from the value of the group p=Z. This value of reservoir pressure p will be used later in the determination of the expected production rate of the fractured well.
At this point an initial value for the Reynolds number that characterizes the flow in the fracture needs to be assumed; once this is done, the effective proppant-pack permeability can be determined by means of the following equation (Gidley, 1990) :
where k f,n is the nominal proppant-pack permeability under Darcy flow, and N Re is the Reynolds number previously assumed. Then, the volume of the proppant contacting the pay must be determined and used for the calculation of the proppant number N p :
where k f is the adjusted proppant-pack permeability, V p is the propped volume contacting the target zone and V res is the drainage volume of the reservoir. The amount of proppant in the pay is the ratio of the net height divided by the fracture height, and the latter can either be a measured number or it can be inferred from other considerations such as the fixed aspect ratio between tip-to-tip length and height (Weijers et al., 2005; Pitakbunkate et al., 2011) . Fig. A-1 . UFD-based optimization scheme for vertical gas wells.
The maximum J D and the optimum C fD can be then calculated by means of two sets of correlations that are respectively valid depending on the value of the proppant number (Daal and Economides, 2006) :
where C A is the Dietz shape factor (Dietz, 1965) , tabulated for a range of aspect ratios presented in Table A 
where the additional parameters necessary for these calculations are defined as: and the constants for some aspect ratios are in Tables A-2 and A-3: Once the maximum J D and the optimum C fD have been determined, the optimum fracture length, fracture width and the corresponding net pressure can be calculated, by means of the following equations (Economides et al., 2002a ): -16) At this point, if the calculated values of net pressure and/or fracture width exceed the set constraints, it is necessary to adjust the optimum fracture geometry. Such adjustment is done by multiplying the fracture length either by a factor larger than 1 to elongate (and shrink) the fracture, or less than 1 to shorten (and thicken) it, but in all cases minimizing the necessary departure. The new J D is then recalculated and used to calculate the pseudo-steady state gas production rate, considering the average pseudo-steady state reservoir pressure p earlier determined:
where q g is in Mscf/d. Knowing the production rate of the well, it is then possible to calculate the expected gas velocity v in the fracture, then the actual Reynolds number in the fracture can be determined. Because the flow rate in Eq. (A-17) is in standard conditions, the downhole rate must be calculated first. To do this, the formation volume factor (B g ) and the gas density (r g ) must be calculated at wellbore flowing conditions: where B g is in rescf/scf, T is in R, p wf is in psi, g g is the gas gravity (to air ¼ 1) and r g (in kg/m 3 , to be used for the Reynolds Number calculation). The expected gas velocity in the fracture, v, can then be calculated by dividing the volumetric flow rate by the fracture crosssectional area of flowing. Using unit conversions: where a and b, for different proppant mesh sizes are given in Table A -4 (Cooke, 1993) . If the Reynolds Number determined from Eq. (A-21) does not match the one assumed at the beginning of the iteration, the procedure is repeated until a reasonable convergence is achieved.
Once the expected Reynolds number matches the value assumed, the pseudo-skin function f (Cinco- Ley and Samaniego, 1978) can be calculated by means of the following equation:
f ¼ 1:65 À 0:328u þ 0:116u 2 1 þ 0:18u þ 0:064u 2 þ 0:005u 3 (A-23) where, u opt is defined as per Eq. (A-12). Finally the value of the resulting equivalent skin factor s f is determined as function of the calculated optimum length x f : -24) At this point, if the equivalent skin factor s f does not match the value assumed at the beginning of the process, the entire sequence must be repeated, based on a newly assumed s f , and so on, until the calculated value is equal to the one assumed, and then the calculation procedure reaches its conclusion.
